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Abstract
In the present work, the mixing angle of the vector ω(782) and φ(1020) mesons is estimated in the framework
of Nambu–Jona-Lasinio model. The decay φ → pi0γ is considered as a basic process to determine this angle.
The obtained value is compared with the results of the other authors. Besides, the width of the decay φ → 3pi
and the cross-section of the process e+e− → pi0φ are calculated by using this angle.
1 Introduction
The mixing of the isoscalar vector mesons ω(782) and φ(1020) plays an important role in
the description of the different processes of meson interactions. In the pseudoscalar case, the
singlet-octet mixing leading to the physical mesons η and η
′
(958) has been described by many
authors. For example, in the works [1, 2, 3], in the framework of Nambu–Jona-Lasinio (NJL)
model [2, 4, 5, 6, 7, 8, 9, 10, 11], it is shown that the ’t Hooft interaction allows one to describe
the masses of pseudoscalar mesons and their singlet-octet mixing angle. In the vector case, as a
mechanism of mesons ω(782) and φ(1020) mixing one may consider their interaction via the kaon
loops. This mechanism in the framework of the hidden local symmetry Lagrangian was described
in [12, 13]. In the first work, the value 4.6◦ was obtained at the energies of the φ(1020) meson mass.
In the second one, this value was changed to 3.84◦. The effect of the ω(782) and φ(1020) mesons
mixing has been considered in the numerous other theoretical works. In the work [14] this angle
was defined by using the process φ→ pi0γ calculated with the chiral SU(3) symmetric Lagrangian.
The value 3.3◦ was obtained. In the work [15], the authors received the angle 3.4 ± 0.3◦ in the
framework of the Chiral perturbation theory. In the work [16], in the light-front quark model with
the QCD-motivated effective Hamiltonian including the hyperfine interaction, the value 5.2◦ was
obtained. The collaboration KLOE experimentally received the value 3.32± 0.09◦ [17].
In the present work, we do not consider the nature of these mesons mixing in detail. However
we make the estimation of this angle by using different decays calculated in the NJL model. As a
basic process, like in the work [14], we use the decay φ→ pi0γ, because it has been measured with
enough precision. First of all we calculate the mesons ω(782) and φ(1020) mixing angle by using
this decay in the framework of NJL model. Than we apply this angle to investigate the processes
φ→ 3pi and e+e− → pi0φ.
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2 The interaction Lagrangian of the extended NJL model
In the NJL model, a fragment of u and d quark part of the quark-meson interaction La-
grangian, containing the vertices we need, takes the form [7]:
∆Lint = q¯
ga1
2
γµγ5
∑
j=±,0
λa1j a
j
1µ +
gφ
2
sin(α)γµλφφµ +
gω
2
cos(α)γµλωωµ + igpiγ
5
∑
j=±,0
λpij pi
j
 q,(1)
where q and q¯ are the u and d quark fields with the constituent masses mu ≈ md = m = 280 MeV,
s quarks do not appear here since they do not participate in the studied processes. The sine in
the second term and the cosine in the third term take into account the mixing of the ω(782) and
φ(1020) mesons.
The coupling constants are:
ga1 = gφ = gω =
(
2
3
I2
)−1/2
≈ 6.14, gpi =
(
4
Zpi
I2
)−1/2
≈ 3.01, (2)
where
Zpi =
(
1− 6 m
2
M2a1
)−1
≈ 1.45. (3)
Here Zpi is the additional renormalization constant appearing in the pi − a1 transition,
Ma1 = 1230± 40 MeV is the mass of the axial-vector a1(1260) meson [18].
The integral appearing in the quark loops as a result of renormalization of the Lagrangian
has the form
I2 = −i Nc
(2pi)4
∫ Θ(Λ24 + k2)
(m2 − k2)2 d
4k, (4)
where Λ4 = 1.26 GeV is the four-dimensional cutoff parameter [7], Nc = 3 is the number of colors
in QCD. The matrices λ are linear combinations of Pauli matrices:
λa10 = λ
pi
0 =
(
1 0
0 −1
)
, λa1− = λ
pi
− =
√
2
(
0 0
1 0
)
,
λφ = λω =
(
1 0
0 1
)
, λa1+ = λ
pi
+ =
√
2
(
0 1
0 0
)
. (5)
3 The process φ→ pi0γ
The diagram of the process φ→ pi0γ is presented in the Fig. 1.
The amplitude of the considered process in the NJL model takes the form:
M(φ→ pi0γ) = 3
4
√
αem
pi3/2Fpi
gφ sin(α)e
µνλδeµ(pφ)e
∗
ν(pγ)ppiλpγδ, (6)
where αem is the electromagnetic constant, Fpi =
m
gpi
≈ 93 MeV is the pion decay constant, e∗µ(pφ)
and e∗ν(pγ) are the polarisation vectors of the meson φ(1020) and the photon. The similar amplitude
for the process ω → pi0γ was obtained in the NJL model in [7].
The experimental value of this decay width [18]:
Γ(φ→ pi0γ)exp = 5.5± 0.2 keV. (7)
By using this known experimental value one can fix the mixing angle of the mesons ω(782)
and φ(1020). The result is α = 3.1◦.
2
Figure 1: The diagramm of the decay φ→ pi0γ.
4 The process φ→ 3pi
In the NJL model, the decay φ → 3pi is described with two types of the anomalous quark
diagrams: anomalous box quark diagram (Fig. 2) and diagram with the intermediate ρ meson
which connects the anomalous triangle diagram with the vertex ρ→ pipi (Fig. 3).
Figure 2: The box diagram of the decay φ→ 3pi.
This process is similar to the well-known decay ω → 3pi investigated in the NJL model
recently in [19] and can be obtained from it due to ω − φ mixing:
M(φ→ 3pi) = −3
4
gφ sin(α)
pi2Fpi
3
[
b+ gρ
2Fpi
2
∑
i=+,−,0
1
M2ρ − q2i − i
√
q2i Γρ(q
2
i )
]
eµνλδeµ(pφ)p0νp+λp−δ. (8)
where p0, p−, p+ are the pions momenta, pφ is the momentum of the φ meson, qi = pφ − pi
(i = +,−, 0) are the momenta of the intermediate ρ mesons, Mρ = 775.49 MeV [18] is the ρ meson
mass. The first term of the amplitude describes the contribution of the box diagram. The pi − a1
transitions on the pion lines lead to the following form of the constant b:
b = 1− 3
a
+
3
2a2
+
1
8a3
, (9)
where a = 1.84 [19]. The second, the third and the fourth terms describe one, two and three pi−a1
3
Figure 3: The diagram of the decay φ→ 3pi with the intemediate ρ meson.
transitions respectively. The decay width of the intermediate ρ meson depends on the momentum:
Γρ(q
2) =
gρ
2(q2 − 4Mpi2)3/2
48piq2
. (10)
The result for the full width of the decay φ→ 3pi in the NJL model is
Γ(φ→ 3pi) = 0.67 MeV, (11)
The experimental value [20]:
Γ(φ→ 3pi)exp = (0.684± 0.036) MeV, (12)
5 The process e+e− → φpi0
The diagrams of the processes e+e− → φpi0 are shown in Figs. 4, 5.
Figure 4: The contact diagram of the process e+e− → φpi0.
The amplitude of the process e+e− → φpi0 is calculated in the extended NJL model [21, 22,
23] (see Appendix), because the meson ρ(1450) considered as the first radially excited state can
contribute to this process. As a result, the amplitude takes the form:
4
Figure 5: The diagram of the process e+e− → φpi0 with the intermediate ρ, ρ′ mesons.
M(e+e− → φpi0) = 8piαem
s
m sin(α)(TW + Tρ + Tρ′)lµ
µνλδe∗ν(pφ)pφλppiδ, (13)
where s = (pe+ + pe−)
2, lµ = e¯γµe is the lepton current.
The terms corresponding to contributions from the contact diagram and the diagram with
the intermediate ρ meson are
TW = gpiI
φ
3 , (14)
Tρ =
CρgpiI
ρφ
3
gρ
s
M2ρ − s− i
√
sΓρ(s)
. (15)
The contribution of the amplitude with the intermediate meson ρ(1450):
Tρ′ =
Cρ′gpiI
ρ′φ
3
gρ
s
M2ρ′ − s− i
√
sΓρ′(s)
. (16)
The constants Cρ, Cρ′ appear in the quark loops of photon transition into the intermediate
meson:
Cρ =
1
sin
(
2θ0ρ
) [sin (θρ + θ0ρ)+Rρ sin (θρ − θ0ρ)] ,
C
′
ρ =
−1
sin
(
2θ0ρ
) [cos (θρ + θ0ρ)+Rρ cos (θρ − θ0ρ)] . (17)
The integrals, which appear in the quark loops are
Iφ3 = −i
Nc
(2pi)4
∫ Aφ(k)
(m2 − k2)3Θ(Λ
2
3 − k2)d4k,
Iρφ3 = −i
Nc
(2pi)4
∫ Aρ(k)Aφ(k)
(m2 − k2)3 Θ(Λ
2
3 − k2)d4k,
Iρ
′
φ
3 = −i
Nc
(2pi)4
∫ Bρ(k)Aφ(k)
(m2 − k2)3 Θ(Λ
2
3 − k2)d4k, (18)
5
where Λ3 is the three-dimensional cutoff parameter. The parameters used here are defined in the
Appendix.
A comparison of the cross-section of the process e+e− → φpi0 with the experimental data
is presented in Fig. 6. The obtained results are in satisfactory agreement with the experimental
data.
Figure 6: The cross-section of the process e+e− → φpi0. The experimental points are taken from the work of the
BaBar collaboration [24].
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6 Conclusion
The consideration of the mesons ω(782) and φ(1020) mixing angle is necessary to describe
different processes. This angle is determined by various authors in different ways. In the present
work, by using the decays φ → pi0γ, φ → 3pi and e+e− → pi0φ calculated in the NJL model the
result 3.1◦ have been obtained. The error of this model is determined by the chiral symmetry
breaking effects and by the model parameters uncertainty. The error caused by the first reason
is Mpi
Mp
≈ 2%. The total accuracy of the NJL model may be estimated by comparing the previous
results obtained in the framework of this model for different processes with the experimental data.
This accuracy is about 10%. Thus, our estimation for the given mixing angle is 3.1 ± 0.3◦. The
angle 3◦ has been used in our earlier works, particularly, in the process e+e− → pi0γ [25], and has
led to a good agreement with the experiment. This result is close to the results obtained in [14, 15],
where the chiral symmetry has been used. Further theoretical and experimental researches aimed
at an investigation of the nature of this mixing are of interest.
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Appendix. The Lagrangian of the extended NJL model
In the extended NJL model, the part of the quark–meson interaction Lagrangian referring
to the mesons involved in the process under consideration has the form [21, 22, 23]:
∆Lint = q¯
1
2
γµγ5
∑
j=±,0
λa1j
(
Aa1a
j
1µ +Ba1a
′j
1µ
)
+
1
2
sinαγµλφ
(
Aφφµ +Bφφ
′
µ
)
+
1
2
γµ
∑
j=±,0
λρj
(
Aρρ
j
µ +Bρρ
′j
µ
)
+ iγ5
∑
j=±,0
λpij
(
Apipi
j +Bpipi
′j
) q, (19)
where the excited meson states are marked with prime,
AM =
1
sin(2θ0M)
[
gM sin(θM + θ
0
M) + g
′
MfM(k
2
⊥) sin(θM − θ0M)
]
,
BM =
−1
sin(2θ0M)
[
gM cos(θM + θ
0
M) + g
′
MfM(k
2
⊥) cos(θM − θ0M)
]
. (20)
The subscript M specifies the corresponding meson.
The first radially excited states are introduced using the form factor f (k2⊥) = (1 + dk
2
⊥).
The slope parameter d was obtained from the requirement of invariability of the quark condensate
after including the radially excited meson states and it depends only on the quark content of the
meson:
duu = −1.784× 10−6MeV−2. (21)
The transverse relative momentum of the inner quark-antiquark system can be represented
as
k⊥ = k − (kp)p
p2
, (22)
where p is the meson momentum. In the rest system of a meson
k⊥ = (0,k). (23)
Therefore, this momentum may be used as a three-dimensional one.
The parameters θM are the mixing angles determined after diagonalization of the free La-
grangian for the ground and first radially excited states [22, 23]:
θa1 = θρ = θφ = 81.8
◦, θpi = 59.48◦. (24)
In addition, θ0M are auxiliary parameters introduced for convenience as
sin (θ0M) =
√
1+RM
2
,
Ra1 = Rρ = Rφ =
Ifuu2√
I2I
f2
2
,
Rpi =
If2√
ZpiI2I
f2
2
, (25)
The integrals appearing in the quark loops as a result of renormalization of the Lagrangian are
If
m
2 = −i
Nc
(2pi)4
∫ fm(k2)
(m2 − k2)2Θ(Λ
2
3 − k2)d4k, (26)
7
where Λ3 = 1.03 GeV is the three-dimensional cutoff parameter.
Then
θ0a1 = θ
0
ρ = θ
0
φ = 81.5
◦, θ0pi = 59.12
◦. (27)
The constants ga1 , gφ and gpi were defined in (2). The constant gρ is the same as gφ. The constants
appearing due to introducing of excited states have the following form:
g
′
a1
= g
′
ρ = g
′
φ =
(
2
3
If
2
2
)−1/2
, g
′
pi =
(
4If
2
2
)−1/2
. (28)
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